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ABSTRACT: Dispersion properties and characteristics of transverse magnetic (TM) and transverse electric (TE) surface 
phonon polaritons (SPhP) in suspended monolayer hexagonal boron nitrides (hBN) was studied extensively.  The 
analytical results show that the hBN based TM (TE) phonon polaritons exist in restsrahlen bands when imaginary 
surface conductivity is positive. The effective mode index of TM phonon polaritons is much higher than that of TE 
phonon polaritons with respective values of ~3000 and ~1.0002 which makes TM SPhP more promising in the 
practical realization. In addition, the propagation length of TE SPhP is less lossy and surpass that of TM SPhP by 
factor of 104. This study compares these important properties and sheds more insight into their applications in optical 
communications, photonics and optoelectronics devices. 
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I. INTRODUCTION 
Phonon polaritons are quasi-particles that resulted from 
strong hybridization of light-photons with collective lattice 
vibration in polar crystals. The physical feature of the surface 
polaritons phenomena are extreme field enhancement which 
results into subwavelength squeezing of light wavefront and 
nano device designs (Zhang et al., 2012; Duong Thi Ha et al., 
2017; Caldwell et al., 2015). It also enables most of modern 
electronics and photonics phenomena such as lithography, 
electronics miniaturization, nanophotonics, and light 
manipulations (Hong, et al., 2019; Zhang et al., 2014). The 
representative polar crystal is hexagonal boron nitrides (hBN) 
– white graphite, which is wide band gap semiconductor with 
interested optical, mechanical and electronics properties 
(Cassabois et al., 2016; Kim et al., 2012). The major advantage 
of hBN as representative of two-dimensional polar crystal is 
due to the possibility of exfoliating it to monolayer, with 
thickness of 0.34 nm as require in the design process 
(Wickramaratne, et al., 2018). This capability of exfoliating 
hBN crystal to the monolayer led to the design of 
nanoelectronics and nanophotonics devices. Similar to 
fundamental waveguide modes in bulk semiconductors, 
phonon polaritons in two-dimensional (2d) hBN exhibit wave-
like propagation in fundamental and subsequent high-order 
modes. This prompt usage of 2d hBN in applications such as 
sensors, nano-imaging, lithography, anomalous refraction, 




In polar crystals, Restsrahlen bands (RB) are narrow 
bands that are characterized with strong interaction of light 
with the materials. The longitudinal and transverse optical 
phonons abbreviated as LO and TO respectively are upper and 
lower boundaries of the RBs. The changing signs of real part 
of permittivity from positive to negative highlights strong 
optical phonon and photon coupling. This takes place in two 
different optical axes (parallel or perpendicular) to signify 
strong anisotropic property of the hBN. Within hBN crystal, 
the first and second RB bounded respectively between 21 >
𝑓 > 24 THz and 39 > 𝑓 > 41 THz. The sign of real 
permittivity for the out-of-plane is negative in the first RB 
( ⊥), it is also negative for the in-plane optical axis in the 
second RB ( ∥).  
The advent of nanophotonics in two-dimensional 
materials widen the continue research and integration of two-
dimensional based polaritons. Numerous potential proof-of-
concept designs and unusual phenomena are possible in 
monolayer, few layers, and heterostructures of these exotic 
materials (Basov et al, 2016; Dai et al., 2014). Plasmon 
polaritons in metals, semimetals, and semiconductors are the 
pioneers in the field from the first reported exfoliation of 
monolayer graphene (Low et al., 2017; Basov et al., 2016). 
Exciton polaritons in the cavity and surface of the transition 
metal-dicalchogenides (TMD) are also gaining attention 
especially in solar photovoltaic and optoelectronics (Mak et 
al., 2016). There is also magnon polaritons in magnetic 
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materials, and cooper pair polaritons in superconducting 
materials (Low, et al., 2017). Hybrid polaritons are extremely 
significant in numerous potentials such as plasmon-phonons 
between graphene and hBN, plasmon-excitons between 
graphene and TMD, then possibly phonon-excitons between 
hBN and TMDs (Low et al., 2017). In this work, we 
conceptually analyzed the two fundamental phonon polaritons 





       Unlike bulk polaritons, two-dimensional polaritons are 
mostly defined based on the sign of imaginary surface 
conductivity of the ultrathin materials. This facilitates easier 
characterization of two-dimensional polaritons in the atom-
thick materials. Within electrodynamic analysis, Maxwell’s 
equations are employed to define the 2d material as the surface 
conducting sheet 𝜎𝑠 using surface conductivity, the well-
known real part of permittivity is unrealistic in 2d materials 
characterization. When the sign of imaginary surface 
conductivity is positive, the transverse magnetic phonon 
polaritons can be expected within the frequency band, while it 
is transverse electric phonon polaritons for the negative 
imaginary surface conductivity (Musa et al., 2017; Lin et al., 
2017). 
      The analysis is started with deriving the dispersion relation 
of the TM phonon polaritons of suspended monolayer hBN as 
shown in Figure 1. The suspended structure means both 
superstrate and substrate are filled with vacuum ( 𝑟 = 1) in 
each of the half-spaces. The alignment of the structure is 
considered to be perpendicular to the optical axis and 
represented analytically with 𝜎𝑠 as metallic conducting sheet. 
This is due to the fact that at RB, the hBN crystal reflects 
incident lights. 
 
      The electromagnetic wave incident onto the crystal 
propagates in x-direction and decays in z-direction. The 
analytical representation of the EM wave is written as 𝐻1𝑦 =
𝐴1𝑒
−𝑖𝑘1𝑧𝑧𝑒−𝑘𝑥𝑥 and 𝐻2𝑦 = 𝐴2𝑒
𝑖𝑘2𝑧𝑧𝑒−𝑘𝑥𝑥 for the upper and 
lower half-spaces respectively. The electric field components 
which corresponds to each half-spaces can be obtained using 
the relation ?̅? =
−𝑘×?̅?𝑦
𝜔𝜀0𝜀1,2
, where 𝑘 = ?̂?𝑘𝑥 + ?̂?𝑘𝑦 + ?̂?𝑘𝑧 and 0 
is the permittivity of free space. After algebraic simplification, 














= 0          (1)            
 
where 𝑘1,2𝑧 = √( 1,2𝑘0
2 − 𝑘𝑥
2) , 𝑘0 =
𝜔
𝑐
, and 𝑐 = 3 ×
108 𝑚/𝑠. The wave vectors 𝑘1,2𝑧 and 𝑘𝑥 are the transverse and 
longitudinal (propagating) wave vectors respectively. 
Equation 1 describes the relationship of frequency (𝜔) and the 
propagation wave vector (𝑘𝑥). From the field equations 𝐻1,2𝑦 
it can be seen that the electric field components are parallel to 
the material plane while magnetic field is transverse. This has 
important physical application in the excitations and 
integration of these modes to the on-chip optoelectronics 
devices. 
Similarly, to derive dispersion relation of the TE SPhP wave, 
the electric field components are transverse to the propagation 
direction. For the upper and lower half-spaces can be written 
as ?̅?1𝑦 = 𝐴1𝑒
−𝑖𝑘1𝑧𝑧𝑒−𝑘𝑥𝑥 and ?̅?2𝑦 = 𝐴2𝑒
𝑖𝑘2𝑧𝑧𝑒−𝑘𝑥𝑥 
respectively. The corresponding magnetic field component 
can be obtained from ?̅? =
𝑘×?̅?𝑦
𝜔𝜇0
, with 𝜇0 is the vacuum 
permeability, and the system is considered to be nonmagnetic. 
Following analytic simplification, the dispersion relation of 
TE SPhP is obtained as; 
 
 𝑘𝑧1 + 𝑘𝑧2 +  𝜎𝑠𝜔𝜇0 = 0                                                (2)      
 
From the TE dispersion relation in Equation 2, one can 
intuitively to depict the polarization of electric and magnetic 
fields components. The electric field component is transverse 
to the material plane in this case, while magnetic field 
components are parallel. For an ultrathin hBN crystal, there is 
absence of statistical model that define the surface 
conductivity like that of graphene. The relative permittivity 
model can be used to obtain the surface conductivity 
expression as follows (Lee et al, 2014a; Lee et al., 2014b): 
 
𝜎𝑠 = [ 𝑟⊥,hBN(𝜔) − 𝑟⊥(∞)] 0𝜔𝑑                                 (3) 
 
where 𝑟⊥(∞) = 𝑙𝑖𝑚
𝜔→∞
𝑟,hBN(𝜔) = 4.87 (Musa et al, 2017), 
and the thickness of hBN sheet is represented by d. The 
relative in-plane permittivity of hBN is given: 𝑟⊥,ℎ𝐵𝑁(𝜔) =
 𝑟⊥(∞) +  𝑠𝑣
𝜔2𝑣
𝜔2𝑣−𝑖𝛾𝑣𝜔−𝜔
2   as (Woessner et al., 2015). The 
constant parameters and their values in the expression are the 
vibrational frequency ℏ𝜔𝑣 = 170.1 meV, ℏ is the reduced 
Planck’s constant, the coupling factor 𝑠𝑣 = 1.83, and finally 
the amplitude decay rate ℏ𝛾𝑣 = 0.87 meV.  
 
III. RESULTS AND DISCUSSION 
      The imaginary part of surface conductivity 𝐼𝑚(𝜎𝑠) depicts 
the type of transverse modes that can be sustained in the two-
dimensional materials. When the 𝐼𝑚(𝜎𝑠) is positive, the 
corresponding real part of permittivity is negative and 
 
Figure 1: Suspended monolayer hexagonal boron nitrides, which 
can be represented with surface conductivity 𝛔𝐬. 
 
 
MUSA et al:  SURFACE PHONON POLARITON MODES IN SUSPENDED BORON NITRIDES                                                                                              107 
describes strong light-matter coupling regime of the materials. 
Such regions are characterized with high reflection of light 
analogue to that of metal. This is akin to TM SPhP modes in 
metals or waveguides. However, when the 𝐼𝑚(𝜎𝑠) becomes 
negative, it is characterized with capacitive property. The rare 
but significant waveguide mode can be sustained with high 
and positive real part of permittivity. It is termed TE SPhP 
mode. From Figure 2, it is vivid to see the two regions where 
the imaginary surface conductivity is positive and negative, 
which respectively give the possibility of TM and TE SPhP 
modes within the polar crystal. It is intuitive to expect TM 
(TE) SPhP to be strongest where the magnitude of imaginary 
surface conductivity is large. Therefore, these regions play 
important roles in the analysis of surface polaritons of this 
paper.  
 
The Eq. (1) and Eq. (2) are called dispersion equations, which 
gives the relationship between propagation wave vector to the 
frequency. In Figure 3, the quantity 𝑅𝑒 (𝑘𝑥) ×
𝑐
𝜔⁄  called 
effective mode index is plotted with frequency for both TM in 
Figure 3(a) and TE in Figure 3(b).  
From the Figure 3, the effective mode index of TM SPhP 
reaches approximate value of ~3000. Remarkably  it is only 
~1.0002 for TE SPhP. The values of effective mode index 
give light confinement of the surface wave with reference to 
the incident energy. Based on that, one can conclude that TM 
SPhP mode confined energy at the surface of monolayer hBN 
much tighter than TE SPhP mode. The analytical meaning of 
these is the ability to design efficient and sub-diffraction 
optoelectronics devices. For the TE polaritons, the weak value 
of effective mode index highlights weakly confined modes 
that can be difficult to utilize in a strong-field related 
optoelectronics devices. This led to the utilization of TM 
polaritons in optical communication and optoelectronics 
devices with strong confinement of electromagnetic energy 
such as solar cell, waveguides, and many more.  
However, due to interesting finding by (Musa et al., 
2017), the TE polaritons in hBN will find applications in nano 
waveguides and nanophotonics devices. The skin-depth 
engineering can be employed to define the vertical energy 
penetration into nanomaterial layer. It gives an idea the depth 
of the electromagnetic energy that is penetrated into the 
nanocrystal. For the device engineers it gives insight into how 
far the crystal can be integrated into the realistic device, such 
as nano wave guiding, sub-diffraction routing, and nanofibers. 
The simple expression of skin-depth can be written as 𝛿ℎ𝐵𝑁 =
1/𝐼𝑚(𝑘𝑧) where 𝑘𝑧 is the transverse wave vector. Figure 4 
shows the analytical plot of dispersive skin-depth of TM in 
Figure 4(a) and for TE in Figure 4(b). The value can be as 
small as 0.27𝜆0 for TM SPhP and as big as 5𝜆0 for TE SPhP. 
 
      In optoelectronic applications, the distance of which the 
electromagnetic energy travels without decaying is 
significant, and is called propagation length. In most of 
electronics and photonics analysis, it is the figure of merits 
that quantifies the distance of which the electromagnetic wave 







the dimensionless quantity that relates propagation length 
(𝐿𝑝) and effective polaritons wavelength (𝜆𝑆𝑃ℎ𝑃). In the 
expression, 𝑘𝑥 is the propagation wavevector. From Figure 5, 
the inverse damping factor is plotted for both TM SPhP in 
 
(a)                                                (b) 
Figure 3: The dispersion relations of the monolayer hBN: a) 
transverse magnetic b) transverse electric phonon polaritons. 
 
Figure 2: The dispersive surface conductivity of monolayer. 
 
(a)                                                  (b) 
Figure 4: The skin depth of suspended monolayer hBN: a) TM 
SPhP, b) TE SPhP. 
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Figure 5(a) and Figure 5(b) for TE SPhP as a function of 
frequency. It is significant to observed that, the value of 
propagation loss keeps increasing with frequency for TM 
SPhP, while it is inverse for TE SPhP.  
The physical interpretation of large value of inverse 
damping factor is the larger propagation length of the 
electromagnetic wave due to lower propagation loss. From 
this analysis, the TE SPhP exhibits larger inverse damping 
ratio as such possess longer propagation length. In practical 
optoelectronics or communication devices, this can be 
employed to design nanowaveguides, nanoresonators, or 
nanorouters that support both TE and TM modes. 
 
IV. CONCLUSION 
By numerically comparing these fundamental modes, we 
found that the TM phonon polaritons exhibit stronger 
confinement than the weaker confined TE phonon polaritons. 
The propagation length is intuitively longer in the TE phonon 
polaritons due to lower losses in TE polaritons. These 
important comparisons might facilitate greater understanding 
the properties of the two phonon polaritons modes, which 
improves their usage in the photonic and electronics devices. 
An extensive analysis is performed for the TM and TE SPhP 
in monolayer hBN crystal – a polar dielectric that exhibits 
Restsrahlen bands in Terahertz frequency. The structure is 
depicted to be suspended in air-filled half-spaces without 
considering effect of substrate and superstrate, to open the 
beginning of in-depth analysis. As expected TM SPhP 
exhibited tighter confinement and skin depth, while TE SPhP 
exhibited lower losses which make it strong candidate for 
waveguides and routing devices in communication and 
electronics devices. These findings proved that SPhP will fit 
well place in monolayer hBN as the good choice for 
optoelectronics, communication, and photonic devices. 
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